We develop a progressive wireless system for structural health monitoring of isolated space structures such as satellites and space stations. The system can wirelessly communicate the monitored data using the energy harvested from structural vibrations. To construct the wireless monitoring system, we present a built-in piezoelectric energy harvester. The harvester is controlled by a microprocessor, which enhances the transduction of vibrational energy to electrical energy. Consequently, the harvester generates a larger amount of electrical energy than that of a conventional passive harvester. The harvested energy is used to drive the microprocessor and also used to transmit radio waves for wireless communication. In this system, the structural vibration is regarded as an energy source for energy harvesting as well as a monitoring target for structural health monitoring. The experimental results demonstrate that our wireless monitoring system can autonomously monitor the structural health of a vibrating system and wirelessly communicate the data without requiring an external energy supply.
Introduction
Space structures such as satellites and antennas are increasing in size to improve their performance for missions. As a matter of course, large-scale structures can become heavy. On the other hand, space structures must be lightweight to reduce the launching cost of rockets. As a consequence of these contradictory requirements, space structures tend to have low stiffness. Therefore, small excitations may easily cause vibrations in space structures, which are difficult to attenuate. These vibrations may deteriorate and cause the breakdown of instruments equipped on satellites, hindering the mission achievements and goals.
Structural health monitoring (SHM) is a technique that constantly measures structural conditions of a vibrating system and monitors its health. 1, 2) SHM allocates sensors on the structure and measures impact loads, strains, vibration displacement and so on. After integrating the structural condition data, we can estimate the damage to the structure. Several studies have focused on wireless health monitoring for vibrating systems. [1] [2] [3] [4] The advantages of wireless systems are the separation between the monitoring sensors and the central control system and the reduction of heavy electric cables. While this is highly beneficial for space structures, the procurement of energy source is a remarkable problem. If we use butteries for the wireless communication, they take a lot of time and care to be exchanged when the batteries become empty.
Vibration energy harvesters can provide a solution for the energy source problem. Piezoelectric energy-harvesting techniques have been intensively investigated, as reviewed by Sodano et al. 5) Ottman et al. 6, 7) utilized an adaptive DC/DC converter to maximize the power output from piezoelectric materials. Lesieutre et al. 8) addressed structural damping associated with electrical energy harvested from a vibrating structure. Cornwell et al. 9) proposed an approach for improving the power output with a tuned auxiliary structure. Kim et al. 10) discussed structural factors to maximize the electrical energy output within a given set of constraints.
We have developed and reported a digital self-powered harvester that is a kind of piezoelectric vibration harvester.
11)
The harvester includes the following components: a piezoelectric transducer that converts mechanical energy to electrical energy, an electric circuit for harvesting energy, and a microprocessor to sense the vibration data and to operate digital filtering calculations. The conversion efficiency is enhanced with an energy-recycling approach, which is achieved without a power supply or external control management. Because the required directional performance of observation satellites is quite demanding, vibration is an important problem for observational missions. A momentum wheel is installed to provide attitude-control torque, which orientates the observation devices to the target direction. However, the momentum wheel also produces undesirable forces and torque due to imbalance in the wheel and the imperfection of ball bearings. These undesirable disturbances provide the energy sources for our harvesting system. As well as satellites, various space structures such as the International Space Station have weak areas that are subject to disturbing vibrations. Piezoelectric transducers can be installed onto such vulnerable points of vibrating structures to achieve high-efficiency harvesting.
Our previous study 11) outlined our preliminary method for self-powered harvesting. However, that study was not an extensive investigation report, and it did not discuss harvesting experiments with an electric resistor as an electric load. Experiments with resistors can vividly demonstrate the harvesting performance. In this study, we construct a prototype module of the wireless vibration monitoring system that includes a built-in self-powered harvester. This study presents the concept and fabrication of our developed system. The monitoring system is useful in environments where an external energy supply is difficult, such as isolated space structures. We verify the abilities of the digital self-powered harvester and radio devices. The potential for self-powered wireless vibration monitoring is clearly shown through our various experiments.
Digital Self-Powered Harvester
The synchronized switching harvesting on inductor (SSHI) that was proposed by Badel et al. [12] [13] [14] can increase the voltage of the piezoelectric transducer. However, SSHI needs a control authority to manipulate the switching conditions. To solve this problem, we used a built-in self-powered microprocessor and constructed a self-powered harvester based on SSHI. Figure 1 shows the simplified circuit diagram of our self-powered harvester. When vibration occurs in structures, a piezoelectric transducer generates the electrical potential difference. The potential difference is rectified through a diode bridge and is stored in a storage capacitor. Our self-powered harvester supplies part of the harvested energy to activate the microprocessor. The processor measures the displacement of the vibrating structure with a small piezoelectric sensor, which does not consume energy. Then, the processor calculates the appropriate timing for controlling the two switches and sends the control signal. The harvester circuit alternately changes the circuit state from open to closed. As a result, the voltage of the piezoelectric transducer increases, and the stored energy increases. In this way, the harvester generates a large amount of electrical energy.
We achieve high-efficiency energy harvesting without any external power supply or control management. Consequently, this energy-harvesting system can be considered to be a self-powered device. To provide stabilization of the harvested power, a small capacitor is connected in parallel with the diode bridge. The stabilization capacitor has a capacitance of only 2.2 μF, but the capacitance exerts little influence on the harvesting performance.
Two Types of Harvesting Experiments

Overview of harvesting experiments with two electric loads
The harvesting experiments are performed under sinusoidal vibration excitations at the structural resonant frequency. The natural frequency of the structure including the piezoelectric stiffness is 23.1 Hz. Our previous study11) only presented a preliminary self-powered harvesting system and did not discuss harvesting experiments with electric resistors. Therefore, in this study, we investigate the harvesting performance with various load resistance and storage capacitance. We present two harvesting experiments regarding the electric loads; we connect a resistor to the system in the first experiment, and connect a storage capacitor to the system in the second experiment. Moreover, we compare the harvesting performance of the self-powered SSHI with that of a conventional harvester with only a diode bridge connected to the piezoelectric transducer (i.e., a standard rectifier). The electrical loads are connected with a diode bridge. The resistor consumes energy in DC voltage, and the capacitor store the energy in one direction. The circuit diagram of the self-powered harvester with the electrical load is shown in Fig.  2 .
Experimental results with resistor consumption
First, we conduct harvesting experiments with resistor consumption. Because the resistor consumption indicates the generating capability of energy harvesters, this experiment vividly demonstrates the harvesting performance of our system. At each extreme of displacement, the polarity of the piezoelectric voltage inverts. The electrical power flows through the resistors via the diode bridge. Figure 3 shows the resistor voltages for various resistances. The figure shows two lines: the voltage of the self-powered SSHI system is shown with red circles, while the conventional harvester is shown with blue rhombuses. Figure 4 shows the electrical power of each harvester for various resistances. We confirm that our self-powered SSHI outperformed the conventional harvester, even though the microprocessor in the SSHI consumes some of the electrical power. We can see an optimal resistance value in Fig. 4 . The optimal resistance of approximately 35 kΩ provides the most effective energy harvesting. When the resistance is less than 18 kΩ, the electrical harvesting power is drastically low. This is because the resistors consume too much power, and sufficient amount of power is not supplied to the microprocessor. Then, the processor cannot be driven. This phenomenon indicates that Fig. 1 . Digital self-powered harvester. Fig. 2 . Self-powered harvester with electrical load the self-powered system has a driving limit of electric load value. These figures indicate that our self-powered system significantly increases the harvested energy from the structure under sinusoidal vibrations compared with the conventional harvester. The maximum power of our harvester is 4.87 mW, while that of the conventional harvester is 2.75 mW.
Experimental results with storage capacitor
We next conduct harvesting experiments with storage capacitors. At each extreme of displacement, the polarity of the piezoelectric voltage inverts. When the absolute value of the piezoelectric voltage is increased to a certain value, the energy starts flowing into the storage capacitor. As a result, the absolute value of the piezoelectric voltage becomes almost constant, making a plateau in the waveform. The difference between the plateau voltage and the storage voltage is due to the forward voltage of the diodes in the rectifier circuit. Figure 5 shows the voltage history of the capacitor. The figure shows two lines: the voltage of the self-powered SSHI system is shown with the red line, whereas the conventional harvester using only a diode bridge is shown with the blue line. A storage capacitor connected with the diode bridge is used to store the harvested energy. The harvested energy is gradually stored in the storage capacitor, but it is thoroughly consumed in a brief period. The capacitance is set to 22 μF. The capacitance does not affect the convergence of the stored voltage, but it affects the storage speed. As the storage capacitance increases, the increased voltage speed is low, and the storage time increases. This storage phenomenon is independent of the storage capacitance. The self-powered SSHI is shown to excel to a level beyond the conventional harvester, even though the microprocessor in the SSHI consumes some electrical power. The self-powered system has a storage voltage of 27.6 V and a storage-energy of 8.38 mJ. On the other hand, the conventional harvester has a storage voltage of 20.8 V and a storage-energy of 4.76 mJ. The storage energy is increased by as much as 76%, which is significant for the development of our sophisticated energy harvester.
Wireless Communication with Radio Devices
Radio device
To communicate wirelessly, we utilize a radio module for the vibration monitoring system. The radio module transmits radio waves that include the digital health monitoring data. Among the many available radio devices, we chose the XBee ZB (Digi International Inc.), which is designed to operate within the ZigBee protocol. The XBee supports the needs of low-cost, low-power wireless sensor networks. The module requires minimal power and provides reliable data delivery between remote devices.
The ZigBee protocol is the standard choice among wireless technologies due to its efficient, low-power connectivity and its ability to connect a large number of devices into a single network. Moreover, the ZigBee protocol allows wireless applications to use a standardized set of high-level communication protocols based on the IEEE 802.15.4 standard for wireless personal area networks. The IEEE 802.15.4 standard defines robust radio physical layers and medium access control (MAC) layers, whereas the ZigBee protocol defines the network security and application framework for an IEEE 802.15.4-based system. 
Electrical characteristics
The XBee outputs a transmitting power of 2 mW in boost mode and 1 mW in normal mode. The transmitted radio waves can reach up to 120 meters with an outdoor line of sight. The XBee devices can communicate with each other at a maximum data rate of 250,000 bps. This data rate is sufficient to intermittently send the vibration state data for the purpose of structural health monitoring. The power requirements of the radio device range from 2.1-3.6 V, and the operating current is 40 mA (at 3.3 V, with boost mode enabled) and 25 mA (at 3.3 V, with normal mode) when the device is transmitting at the maximum output power. The operating current in sleep mode is only 1.1 μA. The low-energy consumption in sleep mode is a special feature of the ZigBee devices.
Wireless communication verification
To verify the wireless communication of the radio device, we conduct two experiments to measure the radio field intensity and analyze the serial communication. We use the range test function of X-CTU, the software available for XBee applications. The radio devices connect to the PC with serial ports on the interface boards (Fig. 6) . The range test function is designed to verify the range of the radio link by sending a data packet and receiving the response packet. The link quality can be measured using the running percentage of high-quality packets sent to the receiving module and looped back to the base. Figure 7 shows the result of the wireless communication range test, which shows 100% transmission verification; i.e., complete wireless communication. Figure 8 shows the wireless serial communication test results. The terminal function can send and receive data in hexadecimal formats. The blue text shows the sent text data, which is sent out from the PC's serial port, whereas the red text shows the incoming text data from the serial port. As shown in the figure, the radio devices correctly exchange literal data using wireless serial communication. 
5.
Wireless Vibration Monitoring with a Digital Self-Powered Harvester 5.1. Self-powered wireless vibration monitoring system Figure 9 shows our complete self-powered monitoring module. The system consists of a vibrating structure, a digital self-powered harvester and a radio transmitter. A piezoelectric transducer is attached to the vibrating structure. The harvester enhances the energy generation and captures electrical energy from the vibrating mass. Then, the harvester can supply the captured energy to the radio transmitter. The amount of harvested energy per unit time is roughly 5 mW, which is insufficient to constantly drive the radio device. Therefore, we store the electrical energy in a capacitor and intermittently drive the radio device. The radio device possesses an AD converter. Using the converter, the radio device obtains the state data of the vibrating structure. Then, the radio device transmits the structural information via radio waves. Fig. 9 . Overview of the self-powered wireless monitoring system.
In the receiver, another radio device receives the radio wave and dispatches the structural information to a PC with a wired serial connection. Using this system, we can monitor the structural health of the system using a PC display. The state information of the structure can be made flexible by exchanging sensors. We can monitor the vibration outbreak, the vibration amplitude, the vibration frequency and so on. By distributing our monitoring modules around the structure, we can achieve structural health monitoring with our wireless system.
Wireless voltage monitoring experiment
We assemble the self-powered wireless monitoring module. Figure 10 shows the configuration of the experimental setup. The digital self-powered harvester generates electrical energy from the vibration energy and supplies the energy to the radio device. The radio device obtains the sensor voltage data with the AD converter and transmits the data via wireless. In this transmitting experiment, we use a storage capacitor with a capacitance of 1,000 μF because the wireless transmission expends a lot of energy. The capacitance is large enough to store the energy needed to wirelessly send the sensed data.The maximum value of the vibration displacement is transmitted via wireless. We assume that the vibration displacement would unnaturally increase when the structure loses its soundness, and the maximum displacement can be used as an index of structural health. It is not necessary to continuously transmit the displacement data; it is reasonable for the health monitoring system to send the maximum value at intervals of approximately 75 s. In this experiment, the transmitter senses the voltage (10 V) equivalent for the maximum displacement and sends it to the receiver via wireless.
The receiving device captures the radio wave and sends the data to a PC using a serial connection. The data, which is written in hexadecimal, is displayed on the PC monitor as shown in Fig. 11 . We translated the data to decimal numbers and plotted it as shown in Fig. 12 . In Fig. 12 , we can confirm that the applied voltage is correctly sent to the PC and monitored wirelessly.
Conclusions
In this study, we developed a wireless vibration monitoring system with a digital self-powered harvester. The harvester enhanced the energy conversion and generated enough energy to activate the radio device. Therefore, the system performed well without any power supply.
We performed energy harvesting experiments with the digital self-powered harvester. The experiments demonstrated that the maximum power consumption reached 4.87 mW, and the stored-energy increased by as much as 76%. The generated energy was larger than that of a conventional simple harvester. We evaluated the radio devices to verify the ability of wireless communication. The experiment showed that the radio field intensity was strong enough between the radio devices and that they could correctly exchange literal data by serial communication.
We constructed a prototype module of the wireless vibration monitoring system that included a built-in self-powered harvester and performed vibration monitoring experiments. We confirmed that our developed wireless monitoring system is promising for achieving self-powered SHM of isolated space structures. 
